The polarized optical absorption and emission (spectra, decay times) of single-crystal [lr(CO)2mnt] TBA at temperatures 2 K^ T<295 K and homogeneous magnetic fields O^H ^ 6T are reported. The highly resolved spectra show 0-0 transitions with vibrational satellites and phonon side bands. Applied magnetic fields yield no effect on the emission. The lowest excited electronic states can be assigned to the spin-orbit components A\, B\, and B\ of the charge transfer triplet 3A2 (symmetry C2l.).
Introduction
Transition metal complexes with maleonitriledi thiolate (=m nt = [S2C2(CN)2]2") ligands and Ni(II), Pd(II), Pt(II) as central ions have been studied com prehensively by spectroscopic methods in the last years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The said complexes exhibit interesting properties, e.g. intense color, relatively high stability, and a strong derealization of their n-electron sys tems. Little information is available on corresponding iridium(I) complexes. Since the bis(maleonitriledithiolate) complex of iridium(I) seems to be not stable, iridium(I) complexes with mixed ligand systems such as [Ir(CO)2mnt]~ have been used for experimental studies. Recently results of NMR, IR and electronic absorption spectroscopy with liquid solutions (room temperature) and glassy solutions (T~ 77 K) of this compound have been reported [16] .
The purpose of this paper is to yield more insight into the electronic structure of maleonitriledithiolate complexes of iridium(I). To this end we describe the results of highly resolved and polarized optical absorption and emission spectra of single-crystal [Ir(CO), mnt] TBA (TBA = tetrabutylammonium). Ex ternal parameters are the temperature ( 2 K^T < 295 K) and applied magnetic fields On the basis of the experimental results an energy level diagram for the lowest excited states of the [Ir(CO)2mnt]~ ion is proposed.
Reprint requests to Prof. Dr. G. Gliemann, Institut für Physi kalische und Theoretische Chemie, Universität Regensburg, D-8400 Regensburg.
Experimental
The compound [Ir(CO)2mnt] TBA was prepared according to [17] . Application of the method de scribed in [16] has been found to be ineffective because of the low yield and the poor purity of the product. Light-brownish single crystals of the compound (size (~ 0.1 x 0.2 x 0.05) mm3) have been obtained from acetonitril solutions at room temperature.
For the measurement of the polarized luminescence the cryostat of a superconducting magnet of Oxford Instruments (SM4) yielding magnetic fields up to 6T has been used, cf. [18] . Excitation was by the 364 nm line of an argon ion laser (Coherent innova 90). The emitted light was selected by a Spex double grating monochromator (type 1404) and detected by an EMI S20 photomultiplier. The apparatus for the lifetime measurement has been described in [19] . The measure ments of the polarized absorption were performed with a special spectrometer for micro crystals [20] .
Results Figure 1 shows the absorption spectrum of [Ir(CO)2mnt] TBA dissolved in acetonitrile at room temperature. The spectrum in the low-energy range (v<40 • 103 cm-1) is composed of a strong band A and three shoulders B, C, D at the red flank of A, cf. Table 1 .
For single-crystal [Ir(CO)2mnt] TBA at T= 10 K an additional weak absorption between v~ 18 000 cm-1 0932-0784 / 89 / 1100-1057 $ 01.30/0. -Please order a reprint rather than making your own copy. and the shoulder D has been detected, cf. Figure 2 . The corresponding spectrum is distinctly structured and starts at its low-energy side with a peak I (v= 18 310 cm" \ 15 M " 1 cm "1). Peak I is followed by a system of seven additional peaks of lower ex- tinction at energies between v= 18 501 cm "1 and 19 396 cm-1. This part of the spectrum is repeated three times at increasing energy, cf. also Table 2 . The most intense peaks I, II, III, IV of the four sections have half-widths of about zlv-9 0 cm "1 and yield a progression of v = 1260 (+ 20) cm " 1.
The low-energy absorption exhibits a polarization ratio £ || /g x of about 2, with e^ and e x the extinction coefficients for the polarizations E || A and E_L A, re spectively. A is defined by the direction of extinction of the single crystal. The energies of the peak maxima are independent of the orientation of E.
At room temperature acetonitrile solutions of [Ir(CO)2mnt] TBA show no luminescence, whereas the crystalline compound yields an extremely weak and very broad emission band between v = 14 200cm "1 and 18 500 cm-1. With decreasing tem perature the emission of single crystalline [Ir(CO)2mnt] TBA gains intensity, and at T -1 6 0 K the emission exhibits a weak structure, which becomes more and more pronounced as the temperature is lowered fur ther. At T<20 K a fine structure is resolved. This is dominated by a progression of intense lines I', II', III', and IV' separated by zlv -1460 ( + 30) cm-1, cf. Fig  ure 3 . These lines have half-widths of about 25 cm" ^ At their low-energy side the lines I', IF, III' and IV' are accompanied by similarly structured systems of rela tively weak emission peaks. Figure 4 shows the low energy section of the corresponding system of line I' on a larger scale. The wave-numbers of the peaks and their distances from line I' are summarized in Table 3 . 
At T = 2 K the emission lines I' and I'5 exhibit a mono-exponential decay yielding a lifetime of 310 ps independent of the polarization. Increase of the temperature to 7 = 5 K reduces the lifetime of these lines to ~ 100 ps. At higher temperatures the intensi ties were too low for decay experiments. The other peaks I,', z'/5, show bi-exponential decay curves, indi cating decreasing lifetimes with decreasing energies of the peaks.
Homogeneous magnetic fields H with field strengths and orientations Hj|A and H I A yield no effects on the emission (peak energies, intensities, lifetimes).
Discussion
A crystal-structure analysis of [Ir(CO)2mnt] TBA is not available as yet. Recently, the crystal structure of the similar compound [Ir(CO)2mnt]2MV (MV = methyl viologen) has been determined by Eisenberg et al. [21] . The space group is C2/c with square planar Ir(I) complex anions. In the following it is assumed that for [Ir(CO)2mnt]TBA the central d8-ion with its nearest neighbors form a planar frame of C2 v symmetry as shown schematically in Figure 5 . An electronic transition b2 -► bj b2 yields the many electron states 'A 2 and 3A2 which can be classified in the double group C'2v as A'2(1A2) and Aj, B'n B'2(3A2), respectively. The expected polar izations of the electric-dipole allowed transitions between the triplet states and the ground electronic state A i^A J are shown in Figure 6 a.
Applied homogeneous magnetic fields H || x and H 1 x reduce the symmetry of the system to C2 and Cs, respectively. The magnetic-field induced couplings and the resulting polarizations of the allowed transi tions are given in Figs. 6 b. c, d . With regard to its large extinction coefficient, spec tral position, and half-width, the absorption band A of the solution spectrum (cf. Fig. 1 ) is due to a singletsinglet n-n* transition of the ligand mnt. The energy of the n-n* transition of the free ligand (v = 27 027 cm-1, £ = 5500 M -1 cm-1) is increased in the complex owing to the interaction of the ligand states with metal states of corresponding symmetry. The ab sorption band D and the two shoulders C and B can be assigned to the singlet-singlet charge transfer tran sition 1A1 1A2 and to two superimposed vibrations (vvib ~ 205 cm-1 and ~410cm -1), respectively, cf. [16] .
The weak absorption of the single crystals observed between v = 18 310 cm-1 and 22 600 cm-1 at low temperatures can be assigned to the singlet-triplet CT transition -> 3A2. If spin-orbit coupling is effective this transition is electric dipole allowed with polariza tions E || x (Aj-^Ai), E || y (Ai->B2), and E || z (Ai-^Bj), cf. Figure 6a . Since reports on the crystal structure of [Ir(CO)2mnt] TBA are not available, a definite assignment of the molecular axes x, y, z to the A axis cannot be established. However, from the ex perimental result that only the intensities but not the spectral positions of the low-energy absorption peaks depend on the polarization, the following conclusions can be drawn: (i) the spin-orbit splitting of the 3A2 is distinctly smaller than the half-width of the peaks (~ 90 cm" *). Therefore, the energy order and the sep aration of the spin-orbit components A'x, B't and B'2 cannot be determined from the absorption spectra, (ii) In the crystal the complex ions [Ir(CO)2mnt]-are ordered with regard to their orientation. That is compatible with the structural data for crystalline [Ir(CO)2mnt]2 MV, showing a parallel arrangement of the square planar Ir(I) complex anions [21] .
The distinct 1260 cm-1 progression of the domi nant bands I, II, III, and IV in Fig. 2 results from a superposition of the totally symmetric C = C vibration of the ligand mnt [16] . For the peaks between the dominant bands probably other vibrations of the com plex ion are responsible, but a definite assignment cannot be given because corresponding raman data are not available.
Since band I' of the emission spectrum (cf. Figs. 3  and 4) has the same energy as the absorption band I, it can be concluded that both bands belong to 0-0 transitions between the ground electronic state and the lowest triplet states A'1? B'1? B'2(3A2). Further more, the emission spectrum exhibits a similar fine structure as the low-energy absorption spectrum. The dominating 1460 cm-1 progression in the emission spectrum can also be assigned to the C = C vibration of the mnt ligand, although its energy is distinctly higher than in the absorption spectrum (Zlv~ 1260 cm-1). This discrepancy is a consequence of the partial removal of a bonding n electron from the mnt ligand by excitation. The low intensity peaks between the emission bands I', II', III', and IV' are probably due to the coupling of other complex vibrations and of phonons. The polarization properties of the emis sion agree with the above mentioned conclusion that the spin-orbit splitting of the 3A2 components is small. From the emission spectra it can be concluded that the splitting does not exceed a few wavenumbers.
The large value of the emission lifetime at low tem peratures (t ~ 310 ps) confirms the triplet-singlet char acter of the emission process. Raise of the temperature reduces the lifetime as a result of an enhancement of the non-radiative deactivations.
The lack of magnetic field effects on the emission follows straightforwardly from Figure 6 . Since radia 1062 tive deactivations of the triplet components B,, and B'2 are allowed already at zero field, the magneticfield induced coupling of these states is expected to yield no measureable effect on the emission properties at H^6 T .
